We demonstrate continuous-wave (cw) operation of a diamond Raman laser at 1240 nm in an external cavity configuration. The output power increased linearly with pump power with a 49.7% slope efficiency and reached 10.1 W at the maximum available pump power of 31 W. The combination of resonator design with diamond provides a novel approach to power-scalable cw wavelength and beam conversion. © 2012 Optical Society of America OCIS codes: 140.3550, 140.3580, 160.4330, 190.5650. High-power cw generation at wavelengths different from rare-earth ion (Nd, Yb, Er, Ho, Tm) lasers and their harmonics remains a challenge. Instead of using alternative laser media, nonlinear frequency conversion in optical parametric sources (OPOs) and Raman lasers is often used to extend the range of available wavelengths. The main advantages of OPOs are the continuous wavelength tuning and the broad spectral coverage from generally visible to the mid-infrared. However, the average power scaling is limited due to thermal loading of the χ 2 nonlinear crystal arising from parasitic absorption leading to phase-mismatch and damage [1] . Raman lasers, on the other hand, offer a simple approach free from phase matching constraints, which can utilize a class of materials with improved thermal properties.
High-power cw generation at wavelengths different from rare-earth ion (Nd, Yb, Er, Ho, Tm) lasers and their harmonics remains a challenge. Instead of using alternative laser media, nonlinear frequency conversion in optical parametric sources (OPOs) and Raman lasers is often used to extend the range of available wavelengths. The main advantages of OPOs are the continuous wavelength tuning and the broad spectral coverage from generally visible to the mid-infrared. However, the average power scaling is limited due to thermal loading of the χ 2 nonlinear crystal arising from parasitic absorption leading to phase-mismatch and damage [1] . Raman lasers, on the other hand, offer a simple approach free from phase matching constraints, which can utilize a class of materials with improved thermal properties.
To date Raman fiber lasers, because of the thermal advantages of a distributed active media, offer the highest cw output power of 150 W with 85% efficiency in the infrared [2] . However, for subsequent harmonic conversion, narrow linewidth output needs to be carefully managed and stimulated Brillouin scattering avoided [3] . Bulk crystalline alternatives benefit from very low spectral broadening, which allows for efficient harmonic generation or frequency mixing. Raman crystals, such as metal nitrates and tungstates, have enabled generation of infrared output powers up to 11 W in pulse mode [4] and 3.4 W continuous wave [5] . In the visible, intracavity self-Raman lasers generating 4.3 W at 586 nm, the secondharmonic of the first Stokes, and 5.3 W at 559 nm, the sum frequency of the pump and the first Stokes, have been demonstrated [6] . However, poor thermal properties of these materials prevent straightforward power scaling in the case of external cavity Raman lasers. In the case of intracavity designs, the simultaneous thermal lensing in the laser media and Raman crystal make the power scaling even more challenging.
Recently, synthetic diamond has shown highly efficient visible [7] and infrared [8, 9] Raman conversion. Compared to other Raman crystals, diamond's 2 orders of magnitude higher thermal conductivity and low thermal expansion coefficient mitigates thermal problems, such as induced lensing, birefringence, and stress fracture. Already the highest average output powers for pulsed (24.5 W [10]), and cw intracavity Raman lasers (5.1 W [11] ) have been demonstrated using diamond. However, further power scaling of these systems is not straightforward. Suitable pulsed (Q-switched) pumps are not widely available due to the complexity of the high average power systems, whereas cw intracavity lasers are limited due to strong and dynamic thermal effects in the gain medium and the associated challenge of optimizing the intensity in the laser and Raman crystals.
We are interested in further power scaling of cw crystalline Raman lasers and to address demand for highpower cw lasers generating at 1.2-1.5 μm and at their harmonics. Diamond's high Raman gain coefficient and excellent thermal properties allow us to use an external cavity architecture in combination with mature highpower cw laser technology. A cw external resonator Raman laser has been demonstrated previously using barium nitrate as a Raman medium and an Ar-ion pump laser at 514 nm [12] . The high gain of barium nitrate at short pump wavelengths (≈50 cm ∕ GW) and the availability of long crystals enabled a moderate (2 W) threshold to be achieved. The poor thermal properties of the Raman material, however, severely limited the output power to below 200 mW with conversion efficiency of only approximately 5%.
Here we report the first external cavity cw Raman laser operating at 1240 nm pumped by a 1064 nm Nd:YVO 4 laser. Using a low-loss diamond crystal, we achieved a threshold of 11.3 W and a slope efficiency of approximately 50%. As far as we are aware our maximum of 10.1 W represents the highest cw crystalline Raman laser power yet reported. By monitoring the unconverted pump power, we deduce the combined absorption and scatter loss in the diamond crystal sample.
The diamond was a low-nitrogen, ultralow birefringence, type-IIa, grown by chemical vapor deposition (CVD) single-crystal (Element6 Ltd) of dimensions 5 × 9.5 × 1.2 mm 3 . The birefringence was between 7 × 10 −7 and 3 × 10 −6 (measured by the manufacturer using Metripol). Antireflective coatings were applied to both end faces (R < 1% at 1064 nm, R < 25% at 1240 nm). The linearly polarized pump beam was incident on the 5 × 1.2 mm 2 diamond face and propagated along the h110i axis.
The experimental arrangement is shown in Fig. 1 . As a pump source we used a cw Nd:YVO 4 laser generating linearly polarized output at 1064 nm. At maximum output the M 2 was approximately 1.7. A half-wave plate and polarizer served as a pump power attenuator. After passing through an optical isolator a half-wave plate was used to align the polarization vector of the pump with the diamond's h111i axis to access the highest gain [8] . In order to reach the threshold of the stimulated Raman scattering, a lens of focal length f 50 mm was used to focus the pump in the diamond. The measured focal spot radius (at 1 ∕ e 2 ) at the crystal midpoint was 30 μm resulting in an incident intensity of ≈0.8 MW ∕ cm 2 at the threshold of 11.3 W. The pump, residual pump, and Stokes powers were measured by PIN photodiodes A, B, and C calibrated using a power meter.
A 105 mm long quasi-concentric resonator comprised of two concave mirrors with 50 mm radius of curvature was used to mode-match the Raman oscillator and pump waist sizes. The input coupler was highly transmissive at the pump wavelength and highly reflective (R 99.99%) at the first Stokes wavelength of 1240 nm. The output coupler (OC) was highly reflective at 1064 nm and had 0.4% transmission at the first Stokes wavelength. To prevent generation of the unwanted second Stokes component the mirror reflectivity at 1485 nm was minimized.
Above threshold the Stokes output power increased linearly with input power, as shown in Fig. 2 . The maximum output power reached 10.1 W with 31 W of incident pump power. Over the operating range, the residual pump power remained approximately constant at around 10 W. The conversion efficiency at maximum power was 31.7%. The M 2 parameter improved from 1.7 of the pump to 1.16 of the Stokes (refer to Fig. 1 for far-field images) . No optical damage was observed and we expect that much higher output powers can be generated by increasing the pump power.
The Stokes output exhibited substantial amplitude fluctuations when operated near the Raman laser threshold but became more stable at higher pump powers when a significant portion of the pump was depleted. The temporal behavior near maximum power (Fig. 3) shows some fluctuations remaining (about 10% of the average power) correlated with changes in pump depletion. These changes may be caused by mode instabilities observed in the pump laser and mechanical vibrations, which we expect can be reduced by standard techniques.
Simultaneous measurement of the pump power, backreflected residual pump power, and generated Stokes output power enables the total resonator losses to be deduced. From the pump depletion, representing the change in the residual pump power upon alignment of the Raman laser cavity (from 31 to 9.2 W at maximum pump power), we obtain the power coupled into the Stokes and phonon fields (21.8 W). Of this depleted pump power, 14.2% is lost to the excitation of optical phonons (3.1 W), and the remainder is attributed to the generation of the intracavity Stokes field (18.7 W). Since the measured Stokes output (10.1 W) was 54% of the total Stokes generated, we deduce that the difference (8.6 W) represents the combined parasitic absorption and scatter loss in the diamond.
Well above threshold, the 46% loss fraction of the generated Stokes power was constant as a function of pump power, suggesting linear absorption and scatter loss processes. Using the known output coupler transmission (T 0.4 0.1%), we deduce the Stokes power circulating in the Raman cavity and the combined absorption and scatter coefficient in the diamond at 1240 nm. As shown in Fig. 4 , the loss coefficient distributed over the crystal length was 0.17 0.05% ∕ cm for the investigated range. We believe this to be an upper bound as there may be some off-axses reflections of the diamond facets. Since the loss coefficient is close to the absorption coefficient value (≈0.1% ∕ cm at 1064 nm) for the diamond supplier's low-nitrogen (20 ppb) material [13] , we suspect diamond bulk absorption to be the main loss mechanism. Although slightly higher efficiency may be obtained by optimizing the output coupling, the results of this study show that the major limitation for this configuration is diamond loss. Improvements in diamond quality are thus expected to enable slope and conversion efficiencies much closer to the quantum limit (86% for pumping at 1064 nm).
Because of the heating in the crystal arising from inelastic (Stokes) scattering and parasitic absorption (deduced to be approaching 11.7 W in this case), the efficient operation of the device relies on excellent thermal handling properties of the Raman crystal. The superior thermal conductivity and low thermal expansion coefficient of diamond, combined with the concentric resonator design, act to diminish the impact of thermally induced lensing and birefringence as the laser power increases. In addition, the high thermal shock parameter for diamond holds promise for further power scaling without catastrophic damage [14, 15] .
We have demonstrated efficient conversion of a cw 1064 nm Nd laser to 1240 nm using an external cavity diamond Raman laser with substantial beam quality improvement. The maximum output power of 10.1 W was limited by pump power available, and we expect linear scaling to much higher levels with increased pump power.
The key design attributes of an external Raman resonator and a high gain Raman crystal with excellent thermal properties comprise a power-scalable wavelength conversion approach with intrinsically low spectral broadening (cf., fibers or parametric oscillators). This approach provides a simple add-on device that is applicable to a range of high-power cw laser technologies (including line-narrowed fiber lasers) and with further potential for extending wavelength range via Stokes cascading and subsequent harmonic conversion. 
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